We processed a multicomponent walkaway VSP data for PP and PS imaging as well to study the AVO responses. The PP wave corridor stack and VSP-CDP mapping were completed and correlated to synthetic seismograms. Overall, we saw a good correlation between the VSP and synthetic data, and observed changes inside the reservoir, interpreted to be due to production. A common shot stack reflectivity gather was produced for AVO analysis. At the top and bottom of the target reservoir, the AVO responses of VSP PP wave data and synthetic gathers both show similar decreasing trends. The results give us promise for further reservoir characterization through walkaway VSP data.
Introduction
A vertical seismic profile (VSP) is a measurement in which the seismic waves are recorded by geophones secured in a borehole for a seismic source at the surface of the earth. Due to its geometry, a VSP survey is used principally to calibrate surface seismic data by giving an accurate depthtime measurement and a tie to geological tops. VSP data has greater resolution than surface seismic data and provides a more detailed image around the borehole and also has other advantages for AVO analysis (Coulombe et al., 1996) : firstly, VSP data has higher sigal to noise ratio due to the quiet borehole environment; secondly, downgoing wavefield is also recorded and can be used to design the deconvolution operator; thirdly, as the reflection points are close to the receivers, reflection coefficients from VSP data are relatively easy to obtain. In addition to advantages mentioned above, the geometry of walkaway VSP is very suitable for AVO analysis.
In oil and gas industry, the application of converted seismic wave exploration enhances traditional compressional wave exploration in many aspects such as providing a more robust way to derive rock properties (Lines et al., 2004) . In this project, combining the advantages of VSP and converted-wave data, a multicomponent walkaway VSP data was used to undertake AVO analysis of the target reservoir. It makes characterization of the target reservoir more reliable and the results can be used to guide oil field development.
VS P data acquisition and processing
The University of Calgary participated a walkaway VSP data acquisition in 2011 (Hall et al., 2012 ). An Envirovibe and dynamite energy sources were used at the same source location. The acquisition parameters for both source types are shown in Table 1 . Figure 1 shows 3D view of the VSP survey; the vertical green line shows receivers in the borehole and small dots are shot locations at surface. The dense receiver sampling (2 m) allows many wave modes to be recorded (Lawton et al., 2012) . The vertical and horizontal components (after rotation) of one Envirovibe shot are shown in Figure 2 . On figure 2a, downgoing P-waves primary (yellow), upgoing P-waves (purple), downgoing S-wavea (blue), and upgoing S-wavea (green) are identified on the vertical component data. The horizontal component is doninated by converted waves which are shown in Figure 2b . The downgoing SV-wave is marked by blue line (direct arrival); transmitted downgoing SV-wave is marked by green line (converted from downgoing P), upgoing SV (converted from downgoing P) is marked by red line, and reflected SV wave is marked by the orange line. Following geometry setup and preprocessing, the zerooffset and far-offset VSP data were processed separately using different processing workflows (Hardage, 1983; Hinds et al., 1989 Hinds et al., , 2001 Hinds et al., , 2007 . Figure 3 shows the flow charts of both zero-offset and far-offset VSP data processing as well as the AVO gather creation.
The major processing techniques for the zero-offset shot include separation of upgoing and downgoing waves and deterministic deconvolution in which the operator was estimated from the down-going wave-field. The processing techniques for far-offset shots include two-step orientation and time variant rotation based on ray tracing. Finally , the zero-offset VSP shot was processed to corridor stack and the far-offset shots were processed to VSPCDP mapping. Both images were tied to synthetic seismograms which will be discussed in next section. In addition to images from the far offset shots, these shots were used to create a reflectivity gather for AVO analysis (Figure 3b ). Firstly, a scalar was calculated from downgoing waves and applied to upgoing waves. Next, dividing the upgoing wave amplitude by the downgoing wave amplitude to get the reflectivity. Then staking the entire shot into one trace. In order to improve the signal to noise ratio and get more accurate reflectivity, a corridor mute (30 ms window) was applied to the shot gather before stack. When all the shot stack traces were merged together, an offset reflectivity gather was obtained for AVO analysis. 
Interpretation of VS P image and reflectivity gather
P-wave sonic and density data from a nearby well (approximately 200 m away) are available in this area. Due to the difference in measurement frequency, sonic logs generally yield higher velocities than those from VSP data. Cumulatively, VSP one-wave P-wave travel time is about 8 ms longer than that calculated from sonic log. In order to tie synthetic seismograms to VSP data, the well logs were firstly calibrated using the VSP velocity. The calibration of the sonic log is shown in Figure 4 . After calibration, the drift between the one-way P wave travel times from log and VSP data was reduced to 0.2 ms. Following well log calibration, an offset synthetic offset gather was created using CREWES software SYNGRAM . The composite plots ( Figure 5) show detailed correlations between sonic logs, VSP-CDP mapping of upgoing P wave of a far-offset VSP shot (dynamite, offset=153 m), processed upgoing P (PP) gather and stack traces of zerooffset VSP, and synthetic seismogram of PP wave. Overall, a reasonable correlation of the VSP to the synthetic seismogram was observed. However, some reflections within the reservoir on synthetic seismograms are not as clear on the VSP data.
The offset reflectivity gather was obtained for AVO analysis following the workflow shown in Figure 3b . Figure 6 shows the correlation between the reflectivity gather and the synthetic seismogram in the reservoir zone. The top and bottom of target reservoir show good correlation while inside the reservoir, the amplitude and phases of the VSP data show some differences from the synthetic seismogram.
There are three possible reasons to yield these differences:
(1) the logged well is 200 m away from VSP borehole, the lithology of the fluvial channel deposit system may change greatly in this distance; (2) the study zone is currently under production, so the properties of reservoir may have changed during production; (3) the full reservoir interval is about 50-75 m. Limitation of VSP resolution makes correlation of events on a small scale more challenging. The AVO responses of the target reservoir are shown in Figure 7 . Overall, the amplitudes picked from VSP and synthetic seismogram at top and bottom of the reservoir display a similar trend within an offset range of 0 to 500 m. At the top, the amplitudes are positive and decrease with offset, whereas at the bottom, the amplitudes are negative and also decrease with offset. These results give promise of rock properties inversion using the walkaway VSP data. 
Conclusions
M ulticomponent walkaway VSP data were processed and correlated to synthetic seismograms. Overall, the PP mode of VSP data shows good consistency with synthetic seismograms. Inside the reservoir, differences were atributed to production. The distance between analyzed well location and the VSP borehole may also degrade the accuracy of the correlation. The PP wave AVO responses of VSP gather and synthetic seismogram show similar trends at the top and bottom of the reservoir. The results give us promise for rock properties inversion by the walkaway VSP data.
Future work in this research includes obtaining an accurate PS wave velocity model, processing and correlating the PS wave to PP wave data, then undertaking PP-PS joint inversion. The results will be used to predict the rock properties and better characterize the reservoir.
